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Introduction
The immunological synapse (IS) is a specialized junction be-
tween a T cell and an antigen-presenting cell (APC) that forms 
within seconds after contact between the T cell receptor (TCR) 
and the appropriate antigen on the APC (Bunnell et al., 2002). 
The mature IS is characterized by the clustering of TCR with 
key signaling (e.g., PKCθ and ZAP-70) and adhesion molecules 
at the contact site and the exclusion of other membrane proteins 
such as CD43, which has a bulky extracellular domain, from the 
synapse region. Thus, the IS provides an accessible cellular sys-
tem for studying the general question of how cells organize 
their cell cortex and plasma membrane into distinct functional 
domains. In this paper, we show the differential and essential 
roles of ezrin/radixin/moesin (ERM) proteins during this process.
IS formation depends on reorganization of the actin cyto-
skeleton in T cells induced by initial TCR signaling (Dustin and 
Cooper, 2000; Campi et al., 2005). The normal accumulation of 
fi  lamentous actin (F-actin) at the T cell–APC interface is thought 
to stabilize a continuous contact between the two cells, and in-
hibition of actin polymerization blocks immunological synapse 
formation (Tskvitaria-Fuller et al., 2003; Vicente-Manzanares 
and Sanchez-Madrid, 2004; Campi et al., 2005). The signifi  cance 
of cytoskeletal changes is further illustrated by the rapid activation-
induced transition from a spherical T cell with abundant micro-
villi to a polarized cell with few microvilli but with ruffl  es at the 
contact site (Dustin and Cooper, 2000).
The ERM proteins provide a regulated linkage between the 
cytoskeleton and plasma membrane, especially in actin-containing 
cell surface structures such as microvilli and membrane ruffl  es 
(Bretscher, 1983; Bretscher et al., 2002). Human ERM proteins, 
which are  580 residues long and share  75% sequence identity, 
are classifi  ed as members of the band 4.1 superfamily, as they have 
an  300-residue N-terminal 4.1 ERM (FERM) domain (Funayama 
et al., 1991; Lankes and Furthmayr, 1991). The FERM domain 
binds to membrane-associated proteins, whereas an F-actin–binding 
site lies near the C terminus (Turunen et al., 1994; Yonemura et al., 
1998). ERM proteins are negatively regulated by an intramolecular 
interaction between the FERM and C-terminal domains that masks 
binding sites for F-actin and at least some membrane proteins 
(Gary and Bretscher, 1995; Pearson et al., 2000; Bretscher et al., 
2002; Li et al., 2007). The intramolecular interaction can be 
  relieved by phosphatidylinositol 4,5-bisphosphate in conjunction 
with the phosphorylation of a conserved threonine in the C-terminal 
domain (T567 in ezrin, T564 in radixin, and T558 in moesin) 
to open up the molecule and unmask the F-actin and membrane-
binding sites (Hirao et al., 1996; Matsui et al., 1998; Fievet et al., 
2004). Recently, phosphorylation of an additional conserved thre-
onine in the FERM domain, T235, was also suggested to reduce 
the intramolecular association in ezrin (Yang and Hinds, 2003).
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mmunological synapse (IS) formation involves receptor–
ligand pair clustering and intracellular signaling mole-
cule recruitment with a coincident removal of other 
membrane proteins away from the IS. As microﬁ  lament–
membrane linkage is critical to this process, we investi-
gated the involvement of ezrin and moesin, the two ezrin/
radixin/moesin proteins expressed in T cells. We demon-
strate that ezrin and moesin, which are generally believed 
to be functionally redundant, are differentially localized 
and have important and complementary functions in 
IS formation. Speciﬁ  cally, we ﬁ  nd that ezrin directly interacts 
with and recruits the signaling kinase ZAP-70 to the IS. 
Furthermore, the activation of ezrin by phosphorylation is 
essential for this process. In contrast, moesin dephosphory-
lation and removal, along with CD43, are necessary to 
prepare a region of the cell cortex for IS. Thus, ezrin and 
moesin have distinct and critical functions in the T cell 
cortex during IS formation.
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The presence of a single essential ERM protein in Dro-
sophila melanogaster and Caenorhabditis elegans suggests a 
single basic function for ERM proteins (Bretscher et al., 2002). 
In vertebrates, the three closely related ERM members emerged 
by gene duplication, suggesting they may perform overlapping 
functions (Sato et al., 1992). Antisense phosphorothioate oligo-
nucleotide treatment to reduce all ERM expression in cultured 
cells indicated that they are at least partially redundant (Takeuchi 
et al., 1994). In addition, no substantial differences have been 
reported in the ability of ERM proteins to bind multiple ligands 
(e.g., CD43, CD44, and intercellular adhesion molecules; 
Yonemura et al., 1998). Thus, it is currently believed that ERM 
proteins perform similar, largely redundant functions. However, 
their very distinct tissue distributions hint at individual cell type–
specifi  c functions (Tsukita and Hieda, 1989; Berryman et al., 
1993; Amieva et al., 1994).
In primary human lymphocytes, moesin and ezrin but not 
radixin are expressed, with moesin being the quantitatively dom-
inant ERM protein (Shcherbina et al., 1999). In resting T cells, 
phosphorylated ERM proteins are localized in microvilli (Brown 
et al., 2003). Stimulation of T cells by chemokine or antigen in-
duces rapid ERM dephosphorylation (Brown et al., 2003). This 
presumably facilitates the loss of microvilli to create a region of 
the plasma membrane for T cell–APC conjugate formation. 
In addition, exclusion of CD43 from the contact site is mediated 
by moesin, ezrin, or both (Serrador et al., 1998; Allenspach et al., 
2001; Delon et al., 2001). CD43 is an abundant, highly glycosyl-
ated, and sialylated transmembrane protein (Cyster and Williams, 
1992) that is proposed to impede synapse formation by its nega-
tive charge and large size. Thus, the interaction between CD43 
and ERM proteins seems to be required for the removal of CD43 
for contact formation (Allenspach et al., 2001; Delon et al., 
2001). Existing work refers to moesin and ezrin function in T cells 
as redundant (Shaw, 2001).
In this study, we report that ezrin and moesin perform dis-
tinct and critical roles during immunological synapse formation 
requiring their regulation by phosphorylation and differential 
association with specifi  c ligands.
Results
Differential distribution of ezrin and moesin 
in resting T cells and after immunological 
synapse formation
To study the potentially distinct roles of ezrin and moesin in 
T cells, we fi  rst examined their localization in Jurkat T cells. Using 
specifi  c antibodies to the two ERM proteins expressed in Jurkat 
T cells (Fig. S1, available at http://www.jcb.org/cgi/content/full/
jcb.200707199/DC1), we found that in resting T cells, ezrin was 
mostly cytoplasmic, whereas moesin was enriched at the cell cor-
tex (Fig. 1 A). However, when the cells were activated for 30 min 
with a soluble TCR antibody, OKT3, ezrin was redistributed to 
the membrane cortex (Fig. 1 A). The differential distribution of 
ezrin and moesin in resting T cells and the redistribution of ezrin 
from the cytoplasm to the cell cortex upon activation was also 
found in primary human T cells (Fig. 1 B). Next, we determined the 
localization of ezrin and moesin in the mature IS using the 
Raji B cell line as the APC, a system that has been well studied 
(Niedergang et al., 1997; Das et al., 2002; Sasahara et al., 2002; 
Kuhne et al., 2003). Jurkat T cells were incubated for 30 min 
with superantigen-loaded Raji B cells, and synapse formation 
was verifi  ed by clustering of the TCR and by formation of F-actin–
rich protrusions that establish contact with the APC (Fig. 1 C; 
Bunnell et al., 2002; Tskvitaria-Fuller et al., 2003). We found 
that ezrin was redistributed to the IS, whereas moesin was ex-
cluded from the contact site (Fig. 1 C). As Raji B cells also express 
ezrin, its enrichment close to the contact site could be contrib-
uted from the B cell. To circumvent this, anti-CD3/CD28–coated 
polystyrene beads, which mimic activated APCs (Krawczyk et al., 
2000; Nirula et al., 2006), were mixed with Jurkat T cells for 
15 min, which led to conjugate formation with TCR and PKCθ at 
the contact site (unpublished data). Ezrin and F-actin were con-
centrated at the contact site, whereas moesin was excluded from 
it (Fig. 1 D). These data demonstrate that ezrin and moesin are 
differentially localized in T cells and show largely complemen-
tary distribution in the mature IS.
Dynamics of ezrin and moesin during the 
initial stage of T cell activation
Within 30 s after T cell/APC contact formation, TCRs cluster at 
the IS along with PKCθ and the tyrosine kinases Lck and ZAP-70 
(Bunnell et al., 2002; Campi et al., 2005). Therefore, we ex-
amined whether ezrin and moesin redistribution occurs within 
this time frame. Jurkat T cells were stimulated with anti-TCR 
for 1 min before fi  xation and immunostaining. Whereas ezrin is 
mostly cytoplasmic in resting T cells, it was recruited to regions 
enriched with TCR and PKCθ after 1 min of activation. Moesin, 
on the other hand, was excluded from these clusters (Fig. 2 A). 
F-actin undergoes rapid depolymerization at the contact site af-
ter cell–cell contact and polymerizes again beneath the synapse 
and is enriched in the T cell protrusions (Dustin and Cooper, 
2000). When we looked at T cells 1 min after activation, F-actin 
was excluded from TCR clusters in the same way as moesin 
(Fig. 2 A). Quantifi  cation of clusters formed within 1 min of ac-
tivation showed that ezrin and PKCθ enriched with TCR in 86 ± 
6.5% and 82.3 ± 2% of the cells, respectively. In contrast, moesin 
was found in clusters with TCR in only 19.6 ± 2.7% of the cells 
(Fig. 2 B). Similar results were found when the c ells were activated 
by incubation with anti-CD3/CD28–coated polystyrene beads 
for 1 min (Fig. 2 C). These data demonstrate that the spatial 
changes in ezrin and moesin distribution upon T cell activation 
are rapid and occur along with the clustering of TCR and other 
signaling molecules.
Phosphoregulation of ezrin and moesin 
during T cell activation
As ERM protein activity can be regulated by phosphorylation of 
a conserved C-terminal threonine, we examined the changes in 
phosphorylation of the relevant threonine, T567, in ezrin and 
T558 in moesin during T cell activation. In resting cells, moesin 
is much more highly phosphorylated than ezrin (Fig. 3 A). Upon 
1–3 min of activation by soluble anti-TCR antibody, moesin is 
substantially but not completely dephosphorylated, as reported 
previously (Brown et al., 2003). Moesin dephosphorylation is DIFFERENTIAL ROLES FOR ERM IN IMMUNE SYNAPSE • ILANI ET AL. 735
Figure 1.  Intracellular distribution of ezrin 
and moesin in T cells. (A) Localization of moe-
sin and ezrin in resting and 30-min–activated 
Jurkat T cells. (B) Quantitation of ezrin and 
moesin distribution in Jurkat and primary hu-
man T cells. The mean and SD (error bars) of 
three experiments examining 100 cells each is 
shown. (C) Jurkat T cells were incubated for 
30 min with SEE superantigen–loaded B cells 
that were prestained with 5-chloromethylﬂ  uores-
cein diacetate (green; denoted by B). Cells 
were stained for ezrin, moesin, or F-actin (red). 
(D) Jurkat T cells were incubated for 15 min with 
anti-CD3/CD28–coated polystyrene beads 
and were ﬁ   xed and stained (beads denoted 
with asterisks).JCB • VOLUME 179 • NUMBER 4 • 2007  736
Figure 2.  Segregation of ezrin and moesin 
during initial T cell activation. (A) Jurkat T cells 
were stimulated for 1 min with OKT3 and were 
ﬁ  xed and stained for ezrin or moesin (green) 
and for CD3 actin or PKCθ (red). (B) Quantita-
tive representation of A. The mean and SD (error 
bars) of three experiments examining 100 cells 
each is shown. (C) Jurkat T cells were incubated 
with anti-CD3/CD28–coated polystyrene beads 
for 1 min and were ﬁ  xed and stained (beads 
denoted with asterisks).DIFFERENTIAL ROLES FOR ERM IN IMMUNE SYNAPSE • ILANI ET AL. 737
followed by phosphorylation of both ezrin and moesin after 
 20 min of activation (Fig. 3 A).
When we examined the distribution of phosphorylated 
ERM (pERM) in the mature IS using antibody that recognizes 
both phosphorylated T567 ezrin and T558 moesin, it was local-
ized both at the periphery of the synapse and at the membrane 
cortex outside of the contact site in conjugates between T cells 
and either superantigen-loaded Raji B cells or anti-CD3/CD28–
coated beads (Fig. 3 B). It is known that upon chemokine stimu-
lation of T cells, moesin is quickly and mostly dephosphorylated 
on T558, enabling microvilli collapse (Brown et al., 2003). When 
we looked at pERM at 1 min of activation, we found that similar 
to moesin, it was excluded from TCR clusters (Fig. 3 C). In resting 
T cells and after 1 min of activation, moesin is the major phos-
phorylated ERM protein (Fig. 3 A). Thus, pERM staining at early 
activation time points represents mostly the remaining phos-
phorylated moesin, whereas at later time points, it represents 
both phosphorylated ezrin and moesin that are phosphorylated 
on the conserved C-terminal threonine.
Phosphoregulation of ezrin and moesin 
is necessary for immunological synapse 
formation
As we found changes in the phosphorylation of ezrin and moe-
sin during T cell activation (Fig. 3 A), we next wanted to explore 
their possible involvement in IS formation. To inhibit dephos-
phorylation, we used the phosphatase inhibitor calyculin A, which 
is known to inhibit ERM dephosphorylation in lymphocytes 
(Brown et al., 2003). 100 nM calyculin A blocked moesin dephos-
phorylation induced by T cell activation (Fig. S2, available at http://
www.jcb.org/cgi/content/full/jcb.200707199/DC1). When Jurkat 
T cells were preincubated for 10 min with 100 nM calyculin A 
followed by 1-min activation with either anti-TCR (Fig. 3 D) 
or anti-CD3/CD28–coated polystyrene beads (Fig. 3 E), TCR 
clustering was inhibited in >90% of the cells, and, in 80% of 
them, no ezrin clustering was detected (Fig. 3 D). In these cells, 
moesin was not excluded from any cortical membrane areas, 
and continuous staining for pERM across the cortex membrane 
was seen (Fig. 3, D and E). In addition, F-actin did not depoly-
merize beneath any membrane segment in these cells (Fig. 3, 
D and E). This result suggests that moesin dephosphorylation in 
stimulated T cells may be required for moesin and F-actin exclu-
sion from the contact site and for proper TCR cluster formation.
We next examined the need for the specifi  c phosphoregu-
lation of ezrin and moesin during IS formation. Two phospho-
mutants were prepared for both ezrin and moesin in which the 
two threonines (T235/T567 and T235/T558, respectively), which 
are known to be regulatory phosphorylation sites in other sys-
tems (Matsui et al., 1998; Yang and Hinds, 2003), were replaced 
by either alanine (ezrin-AA and moesin-AA) to preclude phos-
phorylation or glutamic acid residues (ezrin-EE and moesin-EE) 
to mimic phosphorylation. We analyzed the effects of expres-
sion of these proteins on clusters and synapse formation in Jurkat 
T cells. As both N- and C-terminal tagging of wild-type moesin 
and ezrin led to mislocalization in resting T cells (unpublished 
data), we used untagged proteins and verifi  ed enhanced pro-
tein expression by Western blotting (Fig. S3 A, available at 
http://www.jcb.org/cgi/content/full/jcb.200707199/DC1). When 
T cells expressing ezrin-AA were activated for 15 min with anti-
CD3/CD28–coated polystyrene beads, only 7% of the cells formed 
a mature contact with T cell protrusions around the bead (Fig. 4, 
A and B). In contrast, 83% of wild-type ezrin-expressing cells 
formed a mature contact with activating beads after 15 min of 
activation (Fig. 4, A and B). Ezrin-EE was localized to the mem-
brane cortex in resting T cells (Fig. S3 B), as it presumably rep-
resents a constitutively active form, thereby precluding an 
analysis of its redistribution upon stimulation. When moesin-AA 
was overexpressed in T cells followed by 1-min activation with 
anti-TCR, only 50% of the cells had TCR clusters, and it was 
diffi  cult to determine whether moesin is excluded from those 
clusters, as overexpressed moesin-AA was highly enriched in the 
cytoplasm (Fig. 4, C and D). However, overexpressed moesin-EE 
was localized at the T cell cortex, and when the cells were 
activated for 1 min with anti-TCR, it was not removed from any 
portion of the membrane, and TCR clusters were not detected in 
95% of the cells (Fig. 4, C and D). Together, these results sug-
gest that the rapid dephosphorylation of moesin and, later, 
the phosphorylation of ezrin are necessary for IS formation. 
The differential distribution of ezrin and moesin and their phos-
phoregulation during T cell stimulation and IS formation 
were reproduced in primary human T cells (Fig. S4).
Phosphorylation of ezrin is necessary for 
calcium mobilization during T cell activation
After the fi  nding that ezrin-AA prevents IS formation, we set 
out to explore where the signaling pathway is compromised. 
Elevation in cytoplasmic calcium is one of the earliest events after 
T cells activation (Bunnell et al., 2002; Campi et al., 2005; 
Yokosuka et al., 2005), so we examined changes in cytoplasmic 
calcium in T cells expressing ezrin and moesin phosphomutants. 
Calcium levels were monitored continuously for 270 s after 
activation using the cytoplasmic dye Fluo-LOJO. When T cells 
expressing wild-type ezrin or moesin were activated with anti-
TCR, elevated calcium levels were recorded in 89% and 82% of 
the cells, respectively (Fig. 5, A and B). However, in cells ex-
pressing ezrin-AA, cytoplasmic calcium elevation was detected 
in only 18% of the cells. In contrast, calcium increase was de-
tected in 72% of moesin-AA–expressing cells (Fig. 5, A and B). 
These data demonstrate that although ezrin is phosphorylated at 
later stages of synapse formation, ezrin-AA inhibits cytoplas-
mic calcium elevation, an early event during synapse formation. 
Ezrin-EE and moesin-EE, both of which localized at the cell 
cortex, inhibited calcium elevation to a similar extant (Fig. 5, 
A and B), agreeing with our fi  ndings that these two proteins inhibit 
initial TCR clusters and mature synapse formation.
Binding of CD43 to moesin in T cells
Several studies have suggested that CD43 is removed from 
the IS by binding to ERM proteins, with some discrepancy as 
to which ERM member is responsible (Serrador et al., 1998; 
Allenspach et al., 2001; Delon et al., 2001). As we found differ-
ential roles and distribution for ezrin and moesin in IS forma-
tion, we examined which ERM protein binds CD43. CD43 was 
found to coimmunoprecipitate with moesin from both resting JCB • VOLUME 179 • NUMBER 4 • 2007  738
Figure 3.  Phosphoregulation of ezrin and moesin in resting T cells and in the IS. (A) Phosphorylation level of ezrin and moesin in Jurkat T cells activated 
with OKT3 for various times. (B) Localization of phospho-ERM in the IS. ISs were generated between Jurkat T cells and B cells (denoted by B) or anti-CD3/
CD28–coated polystyrene beads (denoted with asterisk) as described in Fig. 1 C, and cells were stained for pERM. (C) Jurkat T cells were stimulated for 
1 min with OKT3 and were ﬁ  xed and stained for pERM (green) and CD3 (red). (D) Calyculin A–pretreated Jurkat T cells were activated for 1 min with OKT3 
and stained for the indicated proteins to examine cluster formation. (E) Calyculin A–pretreated Jurkat T cells were activated for 15 min with anti-CD3/
CD28–coated polystyrene beads and stained for the indicated proteins (beads denoted with asterisks).DIFFERENTIAL ROLES FOR ERM IN IMMUNE SYNAPSE • ILANI ET AL. 739
and activated Jurkat T cells (Fig. 6 A) but not with ezrin from 
either resting or activated cells (Fig. 6 B). Immunofl  uorescence 
revealed colocalization of moesin with CD43 in resting and 
activated T cells (Fig. 6 C). This result shows that CD43 binds 
selectively to moesin rather than ezrin and that CD43 associated 
with moesin is excluded from the synapse.
Ezrin binds ZAP-70 and is necessary for 
its localization
As we found that CD43 binds moesin but not ezrin in T cells 
(Fig. 6), we sought to identify specifi  c binding partners for 
ezrin. Immunoprecipitation of ezrin followed by mass spectro m-
etry analysis was used to identify potential ezrin-binding pro-
teins. ZAP-70, a T cell–specifi  c Syk tyrosine kinase critical for 
IS formation (Chan et al., 1992; Williams et al., 1999; Campi 
et al., 2005), specifi  cally coimmunoprecipitated with ezrin but 
not with moesin in both resting and 30-min–activated Jurkat 
T cells (Fig. 7 A) and, in fact, coimmunoprecipitated throughout 
the time course of IS formation (not depicted). ZAP-70 binds 
ezrin directly, as recombinant His6–ZAP-70 purifi  ed from in-
sect cells and immobilized on nickel beads binds pure ezrin 
(Fig. 7 B). The binding selectivity of ZAP-70 for ezrin over 
moesin is potentially determined by their FERM domains, 
as recombinant His6–ZAP-70 preferentially binds the ezrin 
FERM domain (Fig. S5 C, available at http://www.jcb.org/
cgi/content/full/jcb.200707199/DC1). This domain was pre-
viously shown to include the binding site for several ligands 
(Yonemura et al., 1998).
In resting Jurkat T cells, ZAP-70 is localized at the cell 
cortex (Huby et al., 1997), whereas the bulk of ezrin is cytoplas-
mic (Fig. 7 C). However, after 1 min of activation by soluble 
TCR antibody, ezrin and ZAP-70 precisely colocalize in clusters 
(Fig. 7 C). To decipher the apparent paradox of ezrin and ZAP-70 
distributions in resting T cells, we analyzed the properties of the 
ZAP-70–bound fraction of ezrin in T cells. For this, ZAP-70 
was quantitatively immunoprecipitated from Jurkat T cells 
(Fig. S5 A) together with  15% of total ezrin (Fig. S5 B). Thus, 
a small fraction of ezrin may be bound to ZAP-70 at the cortex 
and not readily detectable by light microscopy. By characterizing 
the ezrin coprecipitating with ZAP-70 with an equivalent amount 
of ezrin that was directly immunoprecipitated, we found that 
ZAP-70 preferentially binds the threonine T567-phosphory-
lated form of ezrin, which is known to be the activated form 
and, thus, is more likely to be associated with membrane-bound 
proteins (Fig. 7 D).
To explore the role of ezrin phosphorylation on ZAP-70 
localization, its localization in Jurkat T cells expressing ezrin 
mutants was examined. In 88% of the cells expressing ezrin-AA, 
both ezrin and ZAP-70 were cytoplasmic and remained largely 
cytoplasmic after activation with anti-TCR (Fig. 7 E). These 
results suggest that ezrin-AA perturbs ZAP-70 localization at 
the cell cortex and prevents its clustering upon T cell stimulation. 
Figure 4.  Ezrin and moesin phosphomutants inhibit 
IS formation. (A) Jurkat T cells overexpressing ezrin-
wt, ezrin-AA, or ezrin-EE were incubated for 15 min 
with anti-CD3/CD28–coated polystyrene beads 
(denoted with asterisks) and were stained for ezrin 
(green) and CD3 (red). (C) Jurkat T cells overexpress-
ing moesin-wt, moesin-AA, or moesin-EE were acti-
vated for 1 min with OKT3 and were stained for 
moesin (green) and CD3 (red). (B and D) Quantita-
tive representation of A (B) and C (D). The mean and 
SD (error bars) of three experiments examining 70 
cells each is shown. JCB • VOLUME 179 • NUMBER 4 • 2007  740
The cortical distribution of ezrin-EE did not affect ZAP-70 
cortical localization but inhibited their coclustering at the cor-
tex altogether (Fig. 7 F). Binding of ZAP-70 to the different 
ezrin mutants was verifi  ed by Western blot analysis (Fig. S5 D). 
To determine whether phosphorylation of one or both threo-
nines is required for ZAP-70’s cortical recruitment, two single-A 
ezrin mutants were generated and introduced into Jurkat T cells 
(ezrin-T235A and ezrin-T567A). Although 85% of resting 
cells expressing ezrin-T235A showed a wild-type distribu-
tion of ezrin and ZAP-70, 91.4% of resting cells expressing 
ezrin-T567A had a cytoplasmic distribution of both ezrin and 
ZAP-70 (Fig. 7 G). Similar results were obtained when cells 
were stimulated with anti-TCR; namely, ezrin- T235A expres-
sion allowed proper cluster formation, whereas both ezrin and 
ZAP-70 remained cytoplasmic in ezrin-T567A–expressing cells 
(Fig. 7 H). Collectively, these results show that threonine T567 
in ezrin is critical to allow the proper localization of ZAP-70 in 
resting cells and for the rapid recruitment of ZAP-70 during 
IS formation.
ZAP-70 is mislocalized in ezrin 
knockdown cells
Our fi  ndings that proper ZAP-70 localization in T cells and re-
cruitment to the IS requires phosphoregulated ezrin most likely 
Figure 5.  Effect of ezrin and moesin phosphomutants on calcium mobilization. (A) Jurkat T cells overexpressing various ezrin and moesin phosphomutants 
were incubated with the cytoplasmic calcium-sensitive dye Fluo-LOJO. Cells were analyzed before and 1 min after activation with OKT3. (B) Quantitative 
representation of A. The mean and SD (error bars) of three experiments examining 70 cells each is shown.DIFFERENTIAL ROLES FOR ERM IN IMMUNE SYNAPSE • ILANI ET AL. 741
indicates the need for direct interaction between these two pro-
teins. As an independent method to assess whether ezrin is nec-
essary for ZAP-70 localization, Jurkat T cells were specifi  cally 
depleted of ezrin using siRNA (Fig. 8 A). 73% of resting T cells 
depleted of ezrin had a cytoplasmic distribution of ZAP-70 
(Fig. 8 B), which failed to cluster and remained cytoplasmic after 
1 min of activation with anti-TCR (Fig. 8 C). When ezrin-
  depleted cells were activated for 15 min with anti-CD3/CD28–
coated polystyrene beads, conjugate formation was inhibited in 
84% of the cells, and ZAP-70 remained cytoplasmic (Fig. 8 D). 
These data further demonstrate that ZAP-70 requires ezrin for 
proper localization in T cells and for clustering at the IS and that 
moesin cannot provide this function.
Discussion
Formation of the IS involves segregation of the TCR with key 
signaling molecules to the T cell–APC interface and the exclusion 
of other specifi  c membrane proteins. These dynamic changes 
are accompanied by TCR-mediated structural changes and cellular 
organization of the cytoskeleton. ERM proteins have been 
implicated in morphological changes and membrane–cytoskeletal 
rearrangements during synapse formation, and they are often 
considered to be functionally redundant. We examined the dis-
tribution and roles of the two ERM proteins expressed in T cells, 
ezrin and moesin, during synapse formation. Our results show 
that ezrin and moesin are differentially localized and, through 
phosphorylation-regulated processes, perform functionally dis-
tinct roles during IS formation as well as interact with different 
binding partners.
Functional redundancy for vertebrate ERM proteins is 
consistent with the fi  ndings that loss of the single ERM protein 
in the insect D. melanogaster (Speck et al., 2003) or nematode 
C. elegans (Gobel et al., 2004) is lethal, whereas gene knockouts 
of moesin (Doi et al., 1999) or radixin in mice are not, although 
radixin-defi  cient mice do have defects associated with liver 
function and hearing (Kikuchi et al., 2002; Kitajiri et al., 2004). 
However, ezrin knockout mice die within 2 wk of birth, possi-
bly as a result of defects in intestinal epithelial cell morphology 
(Saotome et al., 2004). These differential phenotypes do not 
disprove functional redundancy, as ERM proteins show distinct 
tissue distributions, with ezrin being found highly enriched in 
Figure 6. CD43  speciﬁ  cally coimmunoprecipitates with moesin. (A and B) Moesin (A) and ezrin (B) immunoprecipitates from resting and activated Jurkat 
T cells immunoblotted with CD43 and moesin or ezrin antibodies. (C) Resting and 1-min–activated Jurkat T cells were ﬁ  xed and stained for moesin (green) 
and CD43 (red).JCB • VOLUME 179 • NUMBER 4 • 2007  742
Figure 7. Ezrin  speciﬁ  cally interacts with ZAP-70 and is necessary for its localization at the IS. (A) Ezrin or moesin immunoprecipitates from resting and 
activated Jurkat T cells immunoblotted with ZAP-70 antibodies. (B) Ezrin directly binds nickel bead–immobilized 6His–ZAP-70. (C) Resting and 1-min–
activated Jurkat T cells were ﬁ  xed and stained for ezrin (red) and ZAP-70 (green). (D) ZAP-70 and ezrin immunoprecipitates from resting T cells adjusted to 
contain the same amount of ezrin immunoblotted with ezrin or anti-pERM antibodies. (E and F) Jurkat T cells overexpressing ezrin-AA (E) or ezrin-EE (F) were 
activated for 1 min with OKT3 and stained for ezrin (green) and ZAP-70 (red). (G and H) Jurkat T cells overexpressing ezrin-T235A (G) or ezrin-T567A (H) 
were activated for 1 min with OKT3 and stained for ezrin (green) and ZAP-70 (red). On the right, quantitative representation of G and H. The mean and 
SD (error bars) of three experiments examining 70 cells each is shown.DIFFERENTIAL ROLES FOR ERM IN IMMUNE SYNAPSE • ILANI ET AL. 743
polarized epithelial cells (Berryman et al., 1993), radixin being 
the dominant member in liver (Tsukita and Hieda, 1989), and 
moesin being enriched in endothelial cells and lymphocytes 
(Lankes and Furthmayr, 1991; Shcherbina et al., 1999). In support 
of redundancy, when each ERM was individually suppressed in 
cultured thymoma cells, their microvilli were not affected, but 
loss of all three eliminated microvilli (Takeuchi et al., 1994). 
However, none of these studies explored the question of whether 
ERM members might play distinct roles within the context of a 
single cell.
What functions might ezrin and moesin perform in syn-
apse formation? During IS formation, changes in T cell shape 
occur, including the disappearance of microvilli and fl  attening 
of the membrane followed by actin polymerization and ruffl  e 
formation at the T cell–APC interface. We show that in resting 
T cells, moesin and phosphomoesin are enriched at the cell cortex. 
Figure 8.  ZAP-70 is mislocalized in ezrin-depleted 
T cells. (A) Jurkat T cells were transfected with siRNA 
against ezrin or GL2 luciferase and analyzed by immuno-
blotting for ezrin, F-actin, and moesin expression. 
(B) Jurkat T cells were transfected with siRNA against 
ezrin or GL2 luciferase and were ﬁ  xed and stained for 
ezrin and ZAP-70. (C) Jurkat T cells were transfected 
with siRNA against ezrin or GL2 luciferase, stimulated 
for 1 min with OKT3, and ﬁ  xed and stained for ezrin and 
ZAP-70. (B and C) On the right, quantitative represen-
tation. (D) Jurkat T cells were transfected with siRNA 
against ezrin or GL2 luciferase, activated for 15 min with 
anti-CD3/CD28–coated polystyrene beads, and ﬁ  xed 
and stained for ezrin and ZAP-70 (beads denoted with 
asterisks). The bottom right panel is a quantitative rep-
resentation. (B–D) The mean and SD (error bars) of 
three experiments examining 100 cells each is shown.JCB • VOLUME 179 • NUMBER 4 • 2007  744
Upon stimulation, moesin is very rapidly dephosphorylated 
and lost along with its ligand CD43 specifi  cally from the contact 
site, and both are then absent from this region until at least 30 min 
after IS formation. The relevance of moesin dephosphoryla-
tion in this process is implied by the fi  nding that treatment with 
the phosphatase inhibitor calyculin A inhibited both moesin de-
phosphorylation and its local loss during T cell activation. More 
specifi   cally, expressing a mutant that mimics constitutive 
phosphorylation (moesin-EE) abolished the localized loss of 
moesin at the contact site as well as IS formation. Thus, rapid 
moesin dephosphorylation plays a critical role in preparing a re-
gion of the cell cortex for synapse formation.
Ezrin plays a different role. In resting T cells, the bulk of 
ezrin is localized to the cytoplasm in a dephosphorylated dormant 
state. Within 1 min of activation, ezrin becomes enriched at the 
contact site with TCR and key signaling molecules. At later times, 
ezrin is phosphorylated and colocalizes with F-actin at the immuno-
logical synapse, a region devoid of moesin. The importance of 
ezrin phosphorylation in this process was demonstrated by exam-
ining cells in which a nonphosphorylatable mutant (ezrin-AA) 
was expressed. Initial TCR clusters were formed in 50% of these 
cells, but mature synapse formation was almost completely abol-
ished. This implies that delayed phosphory  lation of ezrin contrib-
utes to stabilizing the spatial segregation of molecules at the 
contact site. Surprisingly, ezrin-AA expression also blocked the 
rapid calcium elevation that is seen within 30–60 s after T cell 
stimulation. As the inhibition of calcium mobilization was specifi  c 
to ezrin-AA (and was not detected with moesin-AA), it suggested 
that ezrin may be involved upstream in the signaling cascade of 
T cells rather than merely stabilizing the mature synapse.
We have found that ezrin binds directly to ZAP-70, a 
T cell–specifi  c nonreceptor tyrosine kinase that plays an integral 
role in TCR signaling, in resting T cells as well as throughout 
synapse formation. ZAP-70 is localized to the cell cortex in 
resting Jurkat T cells and is rapidly phosphorylated by Lck and 
recruited to TCR clusters upon T cell activation (Huby et al., 
1997; Bunnell et al., 2002; Campi et al., 2005; Yokosuka et al., 
2005). A previous study showed that ezrin and/or moesin inter-
acts with Syk tyrosine kinase, a protein closely related to ZAP-70 
(Urzainqui et al., 2002). The signifi  cance of proper recruitment 
of ZAP-70 to the TCR signaling complex is demonstrated in 
patients with common variable immunodeficiency in which 
ZAP-70 fails to properly localize, leading to defective T cell dif-
ferentiation (Boncristiano et al., 2000), and by impaired T cell 
activation in various forms of the severe combined immuno-
defi  ciency disease, in which ZAP-70 was affected (Chan et al., 
1994). Biochemical characterization of ZAP-70–ezrin interac-
tion revealed that ZAP-70 preferentially binds the threonine-
phosphorylated form of ezrin. This fraction of ezrin most likely 
represents an activated form of ezrin that can be attached to 
membrane-bound proteins rather than the dormant, nonphos-
phorylated ezrin that we found to be mostly cytoplasmic. 
We have also examined whether ZAP-70 could be the tyro-
sine kinase that phosphorylates ezrin, but our in vitro experi-
ments did not support this possibility (unpublished data).
We found that ezrin-AA expression perturbs ZAP-70 distri-
bution and prevents its recruitment to clusters upon activation. 
Expression of single-alanine mutants of ezrin (T235A or T567A) 
showed that phosphoregulation of only one of these two threo-
nines, T567, is required for ZAP-70 localization in T cells 
and recruitment to the IS. Depletion of ezrin by specifi  c siRNA 
treatment from Jurkat T cells leads to the same phenotype as 
expression of the ezrin-AA mutant: namely, cytoplasmic distri-
bution of ZAP-70 and lack of clustering at the site of activation. 
These results demonstrate the central role of ezrin regulation in 
the correct targeting of ZAP-70 in the T cell.
As far as we are aware, this is the fi  rst study to show func-
tionally distinct and phosphoregulated contributions for ezrin 
and moesin in a defi  ned cellular process. Moreover, we were 
able to show that mutants altered in the ability to be dephosphor-
ylated or phosphorylated revealed distinct contributions of ezrin 
and moesin in IS formation. In addition, we have uncovered li-
gands that bind selectively to ezrin and moesin. The molecular 
basis for the functional distinction and binding preferences 
between such closely related proteins is not yet resolved and 
suggests that fruitful approaches will be able to determine which 
sequences defi  ne their distinct contributions and what biochem-
ical differences distinguish ezrin and moesin function in T cells.
Materials and methods
Cell lines and antibodies
All cells were purchased from American Type Culture Collection. Antibod-
ies against human ezrin, moesin, and pERM have been described previ-
ously (Bretscher, 1989; Reczek et al., 1997). Rabbit anti–human ERM and 
mouse anti–human ZAP-70 were obtained from Cell Signaling Technology. 
R-phycoerythrin–labeled mouse anti–human CD3 and mouse anti–human 
CD43 were obtained from BD Biosciences. Mouse anti–human PKCθ was 
obtained from Santa Cruz Biotechnology, Inc. OKT3 mouse anti–human CD3 
was puriﬁ  ed from the OKT3 hybridoma cell line. Rhodamine phalloidin, 
AlexaFlour568 phalloidin, donkey anti–rabbit and donkey anti–mouse 
AlexaFlour488, and goat anti–rabbit and goat anti–mouse AlexaFlour568 
were obtained from Invitrogen. HRP-conjugated goat anti–rabbit antibod-
ies were obtained from MP Biomedicals.
Constructs
Human moesin-wt entry vector was generated by PCR from pQE16-moesin 
  using the primers 5′-C  C  A  G  T  G  T  G  G  T  G  G  A  A  T  T  C  A  T  G  C  C  C  A  A  A  A  C  G  A  T  C   
and 3′-A  G  A  T  A  T  C  T  C  G  A  G  G  C  T  A  A  T  T  A  A  G  C  T  T  G  T  T  A  C  A  T  A  G  A  C  T  C  A  A  A  T  T  C  G  . 
PCR product was ligated into TOPO TA cloning vector (Invitrogen) for sequence 
veriﬁ  cation, digested using EcoRI and XhoI restriction enzymes, and ligated 
into pENTR 3C entry vector (Invitrogen).  Human moesin-AA and moesin-EE 
entry vectors were generated from moesin-wt entry vector in two steps. 
First, T235A/E mutants were generated by PCR using the following primers: 
T235A (5′-G  A  A  T  G  A  C  A  G  A  C  T  A  G  C  A  C  C  C  A  A  G  A  T  A  G  G  C  ), T235A (3′- G  C  C-
T  A  T  C  T  T  G  G  G  T  G  C  T  A  G  T  C  T  G  T  C  A  T  T  C  ), T235E (5′-G  A  A  T  G  A  C  A  G  A  C  T  A  G  A  A  C  C  -
C  A  A  G  A  T  A  G  G  C  ), and T235E (3′-G  C  C  T  A  T  C  T  T  G  G  G  T    T  C  T  A  G  T  C  T  G  T  C  A  T  T  C  ). 
PCR products and moesin-wt entry vector were digested using BglI and BglII re-
striction enzymes, ligated, and sequence veriﬁ  ed. Second, AA/EE mutants were 
generated by PCR using the following primers: T558A (5′-G  A  C  A  A  A  T  A  C  A  A  G-
G  C  A  C  T  G  C  G  C  C  A  G  A  T  C  ), T558A (3′-G  A  T  C  T  G  G  C  G  C  A  G  T  G  C  C  T  T  G  T  A  T  T  T  -
G  T  C  ), T558E (5′-G  A  C  A  A  A  T  A  C  A  A  G  G  A  A  C  T  G  C  G  C  C  A  G  A  T  C  ), and T558E 
(3′-G  A  T  C  T  G  G  C  G  C  A  G  T  T  C  C  T  T  G  T  A  T  T  T  G  T  C  ). PCR prod  ucts and entry vectors 
from ﬁ  rst step were digested using BglI and XhoI restriction enzymes, ligated, 
and sequence veriﬁ  ed. All entry vectors were then exchanged into pDEST 12.2 
expression vector (Invitrogen) by LR clonase reaction. Human ezrin entry and 
expression vectors were generated in a similar way by J.I.A. Thoms (Cornell 
University, Ithaca, NY). GST–ZAP-70 expression vector was provided by 
A.C. Chan (Genentech, Inc., South San Francisco, CA).
Immunoﬂ  uorescence
T cells or cell conjugates were plated onto poly-L-lysine–coated glass slides, 
ﬁ  xed for 30 min at RT with 3.7% formaldehyde followed by permeabiliza-
tion in 0.1% Triton X-100 in PBS for 2 min, and rinsed three times in PBS. 
Cells were then incubated for 1 h with 5% BSA in PBS followed by incubation DIFFERENTIAL ROLES FOR ERM IN IMMUNE SYNAPSE • ILANI ET AL. 745
with primary antibody in 5% BSA in PBS for 1 h, washed in PBS, and incu-
bated with appropriate secondary antibody (or phalloidin) in 5% BSA in 
PBS for 1 h. After additional washes, 5 μl Vectashield (Vector Laboratories) 
was added to the cells, and slides were covered with coverslips. Cells were 
observed on a microscope (Eclipse TE-2000U; Nikon) with a 100× 1.4 
NA lens using a spinning disk confocal imaging system (UltraView LCI; 
PerkinElmer) and a 12-bit digital output charge-coupled device camera 
(C4742-95-12ERG; Hamamatsu).
Western blotting
Jurkat and primary T cells were lysed and resolved by SDS-PAGE followed by 
transfer to polyvinylidene diﬂ  uoride membranes (Immobilon-P; Millipore) using 
a semidry transfer system (Integrated Separation Systems). After 1-h blocking in 
5% dry milk, TBS–Triton X-100 membranes were incubated with primary anti-
body for 1 h, washed, and incubated for 1 h with appropriate HRP-conjugated 
secondary antibody. Blots were developed using ECL (GE Healthcare).
T cell stimulation and conjugates formation
Jurkat and primary human T cells were activated with 10 μg/ml OKT3 anti-
body for the indicated times. For stimulation with beads, 10
7 T cells were 
mixed with 2 × 10
5 anti-CD3/CD28–coated polystyrene beads (Invitrogen) for 
the indicated times. For stimulation with B cells, Raji B cells were ﬂ  uorescently 
labeled with 5-chloromethylﬂ   uorescein diacetate (CellTracker; Invitrogen) 
and loaded with 2 μg/ml SEE superantigen (Toxin Technology). B cells 
were then mixed with an equal number of T cells for the indicated times.
Transfection
Transient transfection of Jurkat T cells was performed using GenePORTER 
(Gene Therapy Systems) according to the manufacturer’s instructions. 
Transfection efﬁ  ciency was between 60 and 70% as determined by co-
transfection with red ﬂ  uorescent protein. Cells overexpressing untagged 
ERM mutants were easily identiﬁ  ed by their higher ﬂ  uorescent intensity 
compared with nontransfected cells.
Isolation of primary human T cells
Human peripheral blood lymphocytes were isolated from citrate-anticoagu-
lated whole blood by dextran sedimentation (Blood Centers of America) 
followed by density separation over Ficoll-Hypaque (Sigma-Aldrich). The result-
ing mononuclear cells were washed in PBS and further puriﬁ  ed by nylon 
wool and plastic adherence as described previously (Dustin and Springer, 
1988). The resulting lymphocytes were >90% CD3
+ T lymphocytes as 
veriﬁ  ed by FACS analysis.
Immunoprecipitation
Jurkat T cells were lysed in cold radioimmunoprecipitation assay buffer 
(0.1% SDS, 1% Triton X-100, 1% deoxycholate, 150 mM NaCl, 1 mM 
EDTA, and 25 mM Tris, pH 7.4) with protease inhibitors, and lysates were 
centrifuged for 10 min at 55,000 rpm at 4°C. Supernatants were mixed 
with either protein A–Sepharose beads (Sigma-Aldrich) precoated with anti-
moesin polyclonal antibodies or cyanogen bromide–activated Sepharose 
4B beads (Sigma-Aldrich) precoated with antiezrin polyclonal antibodies 
and incubated for 2 h with constant rotating. Beads were washed six times 
with radioimmunoprecipitation assay buffer, and pellets were resuspended 
in SDS sample buffer, boiled, and resolved on 7.5% SDS-PAGE.
Calcium mobilization assay
Jurkat T cells were cotransfected with the relevant ERM construct and red 
ﬂ  uorescent protein. 48 h after transfection, cells were plated on a poly-
L-lysine–coated glass-bottom culture dish and labeled with 1 μM Fluo-LOJO 
(TefLabs). Cells were observed before and during activation with 10 μg/ml 
OKT3 antibody on an Eclipse TE-2000U microscope using the UltraView 
LCI spinning disk confocal imaging system.
Mass spectrometric analysis
Protein bands excised from the SDS-PAGE gel were destained before di-
gestion with trypsin overnight at 37°C. Peptides were extracted with a solu-
tion of 70% acetonitrile and 0.1% triﬂ  uoroacetic acid and were desalted 
using C-18 ZipTip (Millipore). The samples were then lyophilized and re-
suspended in 0.1% triﬂ  uoroacetic acid before mass spectrometry (MS) 
analysis. Protein identiﬁ  cation was performed by nanoﬂ  ow reversed phase 
liquid chromatography tandem MS using a nanoﬂ  ow liquid chromato-
graphy system (Agilent 1100; Agilent Technologies) coupled online with a 
linear ion trap MS (LTQ; ThermoElectron). Nano-reversed phase liquid 
chromatography columns were slurry packed in-house with 5 μm of 300-Å 
pore size C-18 phase (Jupiter) in a 75-μm i.d. × 10-cm fused silica capillary 
(Polymicro Technologies) with a ﬂ  ame pulled tip. After sample injection, the 
column was washed for 20 min with 98% mobile phase A (0.1% formic 
acid/water) at 0.5 μl/min, and peptides were eluted using a linear gradi-
ent of 2–42% mobile phase B (0.1% formic acid/acetonitrile) for 40 min at 
0.25 μl/min and then 98% mobile phase B for 10 min. The linear ion trap MS 
was operated in a data-dependent mode in which each full MS scan was 
followed by ﬁ  ve MS/MS scans in which the ﬁ  ve most abundant molecular ions 
were dynamically selected for collision-induced dissociation using normal-
ized collision energy of 35%. Tandem mass spectra were searched against 
the UniProt human proteomic database from the European Bioinformatics 
Institute (http://www.ebi.ac.uk/integr8) using SEQUEST (ThermoElectron). 
The fully tryptic peptides that have SEQUEST cross correlation scores 
>2.0 (+1), 2.5 (+2), or 3.0 (+3) and ∆Cn values >0.1 were considered 
legitimate identiﬁ  cations.
Recombinant expression and in vitro binding assay of ezrin and ZAP-70
ZAP-70 was subcloned into pFastBac HTb vector and transformed into Sf9 
cells. Protein expression was performed according to the manufacturer’s 
instructions (Invitrogen). Ezrin was expressed in the Escherichia coli strain 
M15 (Reczek et al., 1997). Recombinant ZAP-70 was puriﬁ  ed and immo-
bilized on nickel beads as previously described (Bretscher, 1983), and 
recombinant ezrin was puriﬁ  ed as previously described (Reczek et al., 
1997). For in vitro binding assay, similar amounts of ZAP-70 and ezrin 
recombinant proteins were mixed in cold buffer (50 mM Tris, pH 7.4, 100 mM 
NaCl, and 1 mM DTT) and incubated for 2 h with constant rotating. 
Beads were washed six times with the aforementioned buffer, and pellets were 
resuspended in SDS sample buffer, boiled, and resolved on 7.5% SDS-PAGE.
siRNA transfection
2.5 × 10
6 Jurkat T cells were electroporated once at 300 V and 700 μF 
using the Xcell Gene Pulser (Bio-Rad Laboratories) in the presence of 100 nM 
ezrin-speciﬁ  c siRNA or luciferase GL2–speciﬁ  c siRNA. Cells were cultured 
for 48 h and analyzed by immunoblotting or immunoﬂ  uorescence.
Online supplemental material
Fig. S1 shows ERM expression in Jurkat T cells. Fig. S2 shows ERM dephos-
phorylation inhibition by calyculin A. Fig. S3 shows expression of transfected 
proteins in Jurkat T cells by Western blotting and immunoﬂ  uorescence. Fig. S4 
shows ERM protein localization in primary human T cells. Fig. S5 shows immuno-
precipitation of ZAP-70 from Jurkat T cells. Online supplemental material is 
available at http://www.jcb.org/cgi/content/full/jcb.200707199/DC1.
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